This study examines a three-dimensional, anisotropic multistability of a mechanical meta material based on a stacked Miura-ori architecture, and investigates how such a unique stability property can impart stiffness and effective modulus programming functions. The unit cell of this metamaterial can be bistable due to the nonlinear relationship between rigidfolding and crease material bending. Such bistability possesses an unorthodox property: the arrangement of elastically stable and unstable equilibria are different along different principal axes of the unit cell, so that along certain axes the unit cell exhibits two force-deformation relationships concurrently within the same range of deformation. Therefore, one can achieve a notable stiffness adaptation via switching between the two stable states. As multiple unit cells are assembled into a metamaterial, the stiffness adaptation can be aggregated into an on-demand modulus programming capability. That is, via strategically switching different unit cells between stable states, one can control the overall effective modulus. This research examines the underlying principles of anisotropic multistability, experimentally validates the feasibility of stiffness adaptation, and conducts parametric analyses to reveal the correlations between the effective modulus programming and Miura-ori designs. The results can advance many adaptive systems such as morphing structures and soft robotics.
Introduction
Adaptive structures and materials that can autonomously change their effective stiffness and elastic moduli have been recognized as the enabling technology for many advanced engineering systems. For example, vibration isolation and absorption devices can adjust to different operating conditions by using embedded, ondemand stiffness control elements to alter their fundamental dynamic characteristics (Symans and Constantinou, 1999) . Morphing aircraft can obtain significant improvements in performance and weight efficiency using variable stiffness structures, which can selectively decrease the deformation resistance during the shape morphing process to reduce actuation requirements, and then increase the structural rigidity to sustain the external aerodynamic loads (Kuder et al., 2013) . Rehabilitation robots can use variable stiffness actuators for safer and more efficient human-robot interactions in an unknown and complex environment (Vanderborght et al., 2013) . Soft robots can benefit from using variable stiffness materials as their skeleton to address a fundamental conflict in their application, which is the demand for both flexibility to manipulate objects and rigidity to transmit high forces (McEvoy and Correll, 2015; Manti et al., 2016) .
A wide variety of variable stiffness structures and materials have been investigated over the past several decades, such as shape memory alloys (Mohd Jani et al., 2014) , shape memory polymers (Gandhi and Kang, 2007; Mcknight et al., 2010) , fluidic flexible matrix composites (Li and Wang, 2015a; Shan et al., 2008) , or self-locking via origami folding (Fang et al., 2016a (Fang et al., , 2018 . Many of these systems require continuous energy supply (e.g. electric current, heat) to initiate and maintain the desired stiffness adaptation, which could become a significant constraint for practical implementations. A potential solution to address this issue is to exploit elastically multistable mechanisms. A multistable mechanism possesses more than one stable equilibria (or stable states) and it can settle into any of them. This strongly nonlinear elastic property can serve as a catalyst to synthesize multifunctional structures and materials. Relevant studies suggested that multistability can be exploited to achieve shape morphing Haghpanah et al., 2016; Lachenal et al., 2013; Sun et al., 2016) , broadband vibration control (Johnson et al., 2014 (Johnson et al., , 2013 Yang et al., 2014) , robust sensing , energy harvesting (Daqaq et al., 2014; Harne and Wang, 2013) , impact energy trapping (Frenzel et al., 2016; Puglisi and Truskinovsky, 2002; Shan et al., 2015) , and even non-reciprocal wave propagations (Bilal et al., 2017; Nadkarni et al., 2016; Raney et al., 2016) . In particular, stiffness adaptation has also been demonstrated on multistable structures such as the asymmetric fiber composite laminates (Arrieta et al., 2014; Kuder et al., 2015) and muscle inspired modular assemblies (Harne et al., 2015; Wu et al., 2016) . If the effective stiffness or modulus is designed to be different among these stable states, one only needs to supply the energy to initiate a switch between stable states to achieve a sustained stiffness adaptation.
While promising, a potential challenge in applying these multistable mechanisms for stiffness adaptation is the undesired switch due to external forces. For example, a classic bistable mechanism, such as the asymmetric fiber composite laminate, possesses two stable states separated by an unstable state between them. If an external load deforms the structure to this critical unstable state, a ''snap-through'' phenomena will occur and switch the structure into another stable state, creating an undesired stiffness change. To address this challenge, the authors proposed the use of an anisotropic multistability from a novel mechanical metamaterial inspired by the ancient art of origami (Sengupta and Li, 2017) .
Origami is becoming an increasingly important topic among engineers (Peraza-Hernandez et al., 2014; Turner et al., 2016) . The seemingly infinite possibilities of folding flat sheets into sophisticated threedimensional (3D) shapes fostered a wide spectrum of engineering applications such as deployable aerospace structures (Zirbel et al., 2013) , adaptive architectures (Chen et al., 2015; Filipov et al., 2015) , self-folding robots (Felton et al., 2014; Firouzeh and Paik, 2015) , and biomedical devices (Johnson et al., 2017; Randall et al., 2012) . Especially, we are witnessing a rapid emergence of origami-based mechanical metamaterials, which typically consist of stacked origami sheets with carefully designed, compatible crease patterns (Brunck et al., 2016; Fang et al., 2016b; Jiang et al., 2016; Lv et al., 2014; Overvelde et al., 2017; Schenk and Guest, 2013; Silverberg et al., 2014; Yasuda et al., 2016) . The stacked-origami metamaterial discussed in this study (hereinafter referred to as stacked origami) consists of classic Miura-ori sheets with different crease designs. Multistability can occur when the torsional crease folding stiffness between adjacent Miura-ori sheets are significantly different (Fang et al., 2017b; Li and Wang, 2015c) , so that the overall structure can settle into different stable states with distinct internal folding configurations (Figure 1(a) ).
The 3D nature of folding creates an anisotropic arrangement of elastically stable and unstable states that has never been reported in other multistable mechanisms. Along a certain axis, the structure deformation corresponding to the critical, elastically unstable state of the stacked origami is in between the deformations at two stable states: this is similar to other multistable mechanisms. However, along other axes, the deformation corresponding to unstable state is larger than those at both the stable states. As a result, the stacked origami possesses different force-deformation relationships within the same range of deformation concurrently, so that its effective stiffness can be programmed ondemand by strategically switching between them.
The stacked origami has the potential to address the aforementioned challenge of undesired snap-through because the critical, unstable equilibrium can occur near the maximum deformation allowed by folding. In other words, the undesired snap-through from external loads will not happen unless the stacked origami is elongated to near its extreme dimensions. Another unique advantage of the stacked origami is its overlapping deformation range corresponding to the two forcedeformation curves, which makes it possible to switch between different stiffness levels with minimal changes in the external shape. Furthermore, the physical principle of anisotropic multistability is scale-independent, so that the stacked origami can be fabricated at vastly different sizes without losing the stiffness adaptation capability. Therefore, the multistable stacked origami is a promising concept that can advance the state of the art of variable stiffness materials and structures.
The previous publication by the authors, however, only provided an analytical framework for investigating the stiffness (or effective modulus) adaptation of the stacked origami based on a single bistable unit cell, which can exhibit at most two different stiffness levels (Sengupta and Li, 2017) . Although promising, the previous investigation missed out the opportunities and potentials of incorporating more than one unit cells. Stacked origami consisting of multiple unit cells can be significantly richer because the number of stable states increases rapidly as the number of unit cell increases. These stable states can be designed to provide many different stiffness magnitudes to offer significantly stronger appeal for use in the aforementioned variable stiffness applications. Therefore, the objective and novelty of this study is to introduce multiple unit cells and investigate both analytically and experimentally, the stiffness and elastic moduli adaptation potentials of the multicellular stacked origami. In particular, we will examine how to ''program'' the effective elastic moduli by strategically switching the unit cells into different combination of stable states. The rest of this article is organized as follows: section ''Anisotropic bistability and stiffness adaptation of a unit cell'' starts from a brief review of anisotropic bistability of a single unit cell and how it can be exploited to achieve an effective stiffness adaptation. This section then presents a parametric study and proof-of-concept experiment validation. Section ''Effective modulus programming of a multicellular stacked origami'' discusses how such stiffness adaptation from a unit cell can be extended into an effective modulus programming function of the overall multicellular stacked origami. Especially, this section investigates the distribution of achievable elastic moduli via switching the unit cells individually between their stable states. Section ''Summary and discussion'' concludes this article.
Anisotropic bistability and stiffness adaptation of a unit cell
Brief overview of unit cell design and kinematics
A unit cell-the most fundamental element that can exhibit bistability in this study-consists of two Miuraori sheets connected along their crease lines (Figure 1) . The geometric design principles of stacking origami sheets have been investigated extensively in previous studies (Fang et al., 2016b; Li and Wang, 2015b; Schenk and Guest, 2013) . Here we provide a brief overview for clarity. The design of Miura-ori involves three parameters that remain unchanged regardless of folding: they are the lengths of two adjacent crease lines of a facet (a k and b k in Figure 1(c) ) and the sector angle between these two creases (g k ): The subscript k (= I or II) denotes the two different Miura sheets in a unit cell. In this article, the Miura sheet with the shorter crease length a is denoted as sheet ''I.'' Folding motion of the Miura-ori is characterized by the dihedral folding angle (u k ) between its facets and x-y reference plane. To ensure geometric compatibility so that the two Miuraori sheets remain connected during folding, one must impose b I = b II , a I cos g I = a II cos g II , and cos u I tan g I = cos u II tan g II . In this study, we leverage the rigidfoldable characteristics of Miura-ori and assume that the facet materials are rigid and the creases act like hinges with prescribed torsional stiffness. In this way, folding of the unit cell is a one-degree-of-freedom mechanism and we can choose the sheet I folding angle u I (denoted as u for simplicity hereafter) as the independent variable to calculate its external dimensions along the principle x, y, and z-axes (i.e. length, width, and height, respectively)
where the admissible range of folding angle u is ½À90 8 , 90 8 . The relationship between the unit cell height (H along the z-axis) and the folding angle is monotonic, however, the mappings between the unit cell length (L), width (W ) and the folding angle are not one-to-one. That is, as the folding angle increases from À90 8 to 90 8 , both L and W increase first until they reach their maximum values at u = 0, where sheet I is flat in the xy plane, and then decrease. Such strongly nonlinear relationships between folding and external deformations play a central role for the anisotropic bistability properties discussed below.
Energy landscape and stiffness adaptation of a bistable unit cell
According to rigid-folding assumption, deformations in the unit cells are concentrated along their crease lines. We denote u i as the dihedral opening angles of the creases shown in Figure 1 (b) and K i as the corresponding crease torsional stiffness; the total elastic energy of the unit cell is a summation of the individual crease energy so that P = 1 2
where u i are the functions of folding angle u as
and (4) are the crease opening angles corresponding to the stress-free stable state (u = u o ) at which no creases are subject to deformation. K i in equation (4) can be calculated as
II a II , and K 5 = 4k c b I , where k I , k II , and k c are the torsional stiffness per unit length of the sheet I crease, sheet II crease, and the connecting crease, respectively. The numerical constants in these stiffness expressions denote the number of creases that have the same opening angle in a unit cell. The unit cell becomes bistable when the crease torsional stiffness of the sheet II creases (K 3 , K 4 ) become sufficiently larger than sheet I creases (K 1 , K 2 ) and connecting crease (K 5 ), or the stress-free folding angle (u o ) deviates away from 0° (Li and Wang, 2015c) .
To investigate the effective stiffness of the unit cell, it is necessary to examine the change in the elastic energy with respect to its external deformations as shown in Figure 2 (a) to (c). For clarity, we denote the convexshaped stable equilibrium (u\0) as state (0), the concave shaped equilibrium (u.0) as state (1), and the critical unstable equilibrium as state (c). The corresponding baseline design parameters are summarized in Table 1 . Unless otherwise noted, analytical results presented in this article are based on the baseline designs in this table. The reaction force-deformation relationship (shown in Figure 2 (e) and (f)) can be calculated via the virtual work principle by combining equations (1)- (6) as
where X = L, W, or H. The anisotropic property of the bistable unit cell is evident in Figure 2 . Along the height direction (z-axis), the elastic unstable state (c) of the unit cell occurs between the two stable ones (0) and (1), that is, the unit cell height corresponding to the unstable state (c) is larger than the height at the stable state (1), but smaller than the height at state (2). As a result, the corresponding force-deformation curve consists of two segments with positive slope (i.e. positive stiffness) connected by a segment with negative slope between them (Figure 2(e) ). These characteristics originate from the monotonic relationship between unit cell height and its folding angle, and they are similar to the relatively traditional bistable mechanisms such as the curved bistable beams and asymmetric composite laminates. Therefore, applying a sufficiently large external force along the z-axis can switch the cell between the two stable states via a snap-through response (dashed arrow in Figure 2(d) ). However, along the x and y-axes (length and width direction), the unstable state is located on the same side of the two stable states due to the non-monotonic relationship between folding and corresponding external dimensions. That is, the length and width of the unit cell at unstable state (c) are larger than those at the two stable states (1) and (2). In addition, the unstable state is very close to the maximum length and width where the Miura sheet I is flat (u = 0): As a result, the unit cell possesses two distinct, positive sloped force-deformation curves within the same deformation range along the x-and y-axes, and each curve contains a stable equilibrium (shaded region in Figure  2 (e) and (f)). The elastic instability and snap-through response will not occur unless the unit cell is stretched almost to its maximum length or width allowed by rigid-folding. Furthermore, if the unit cell is subjected to forces along the x-and y-axes only, it can only be switched from the higher energy stable state (1) to the lower energy one (0), but not vice versa. This is evidenced by the observation that the negative sloped force-deformation curve shown in Figure 2 (e) and (f) only connects to the positive sloped curve containing stable state (1). Such anisotropic multistability and the existence of two overlapping force-deformation curves open up the opportunity for stiffness adaptation. That is, via switching the unit cell between its two force-deformation curves, one can change its effective stiffness along the xand y-axes. Here the effective stiffness is calculated as the variation of reaction force with respect to the corresponding deformation:
To characterize the performance of stiffness adaptation, we adopt a stiffness ratio (RK X ) 
defined as the ratio between the effective stiffness at the (0) and (1) stable states as
where u (0) and u (1) are the sheet I folding angles corresponding to the two stable states, respectively. Figure 2 (e) as the tangent slopes of the force-deformation curves where they cross over zero. By careful observation of the unit cell plots in Figure 2 (a), we can conclude that it is the differences in folding configuration between the (0) and (1) states that generate the stiffness adaptation. Although the crease lines in the unit cell are linearly elastic, they are located at different spatial orientations between the two stable states; as a result, the unit cell overall can exhibit different stiffness magnitudes.
It is worth noting that the calculated reaction forces along the x-and y-axes diverge to infinity at the maximum length and width configurations. At these configurations, the Miura-ori sheet I is flat in the x-y reference plane (u = 0); thus, any attempts to deform the unit cell along the x-and y-axes will directly stretch or compress the sheet I facets. Since the facet material is assumed rigid according to the rigid-folding condition, an infinite reaction force will occur. Nonetheless, such limitation of the rigid-folding assumption will not hinder the purpose of this research because
L are defined at the stable equilibria away from the maximum length and width configurations.
Proof-of-concept experiment
To validate the feasibility of achieving stiffness adaptation via switching between stable states, a proof-ofconcept unit cell prototype is 3D-printed by selective laser sintering (SLS) based on a thermoplastic elastomer called polyether block amide. The Miura-ori design parameters of this prototype are consistent with those in Table 1 , while the crease torsional stiffness is controlled via tailoring the crease thickness. Recall that to achieve bistability, the torsional crease stiffness per unit length of Miura-ori sheet II (K 3 , K 4 in equation 4) needs to be significantly higher than those of sheet I (K 1 , K 2 ) and the connecting crease (K 5 ): Therefore, in the 3D printed prototype, the Miura sheet I creases and connecting creases are designed to be thin at 0.8 mm, while the Miura sheet II creases are designed to be significantly thicker at 3 mm (Figure 3(a) ). Meanwhile, the facet thickness is also kept high to concentrate the folding deformation at the creases. In this way, we can estimate the torsional stiffness of creases by treating them as flexural hinges so that K i is equal to E m l i t 3 i =12d i , where E m is the Young's modulus of the printed thermoplastic elastomer, and l i , t i , d i are the length, thickness, and width of the creases, respectively (Figure  3(a) ). Based on the measured crease dimensions, their stiffnesses are estimated as K 1 = 1:8 3 10 À10 E m , K 2 = 1:3 3 10 À10 E m , K 3 = 1:1 3 10 À8 E m , K 4 = 4:7 3 10 À9 E m , and K 5 = 1:2 3 10 À10 E m (detailed procedures for crease stiffness estimation are discussed in the Supplemental Materials). Due to the limitation of 3D printing technology, the magnitude of E m can vary significantly if there are any changes in the printing setup and raw materials. However, our analytical model indicates that the stiffness ratio (RK X ) between (0) and (1) states are independent of the values of E m ; therefore, we will use this ratio rather than the absolute magnitude of effective stiffness as the metric for concept validation. This is because using the stiffness ratio can validate the analytical predictions more consistently, and the stiffness variation between stable states is indeed the focal point of this article.
We use a universal testing machine to measure the unit cell reaction force-deformation relationships, along the x-axis, near both (0) and (1) stable states (ADMET eXpert 5000, 1100N load cell, 45N/min load rate). Since the end surfaces of the 3D printed unit cell perpendicular to the x-axis are flat, we can directly place the sample between the platform and the movable cross-head of the universal testing machine (insert of Figure 3(b) ). The contact surfaces between the unit cell sample and the test machine are lubricated to minimize the friction. Ten compressive load cycles are applied to the unit cell until it is deformed by 2.5 mm, such deformation is small compared to the unit cell length (61.7 mm at the (0) stable state and 63.2 mm at the (1) state). This is to ensure that the collected data can be used to reasonably estimate the effective stiffness K (0) L and K
(1) L since they are defined at the stable states. The measured force-deformation curves near the (1) state show notable variations probably due to the contact friction between facets and creases, and three load cycle results are considered outliers and discarded. The averaged test results show RK L = 1:53, while plugging the measured K i values into the analytical model predicts a stiffness ratio of 1.29. Many factors can contribute to this discrepancy, such as the nonlinear elastic properties of the 3D printed material or the assumptions made in the analytical model. However, after carefully observing the deformed unit cell sample, we conjecture that the most important factor is that the actual deformation patterns of the 3D printed prototype do not strictly follow the rigid-folding condition (i.e. rigid facets and hinge-like creases), and the facets bend slightly during the switch between stable states. Addressing such discrepancy would require both in-depth finite element analysis and improving the 3D printing reliability, which are beyond the scope of this article. Nonetheless, the test results clearly validate the concept of stiffness adaption via switching between stable states and the underlying physical principles.
Parametric study on the achievable range of stiffness adaptation
An inherent advantage of the stacked origami is that its anisotropic multistability and stiffness adaptation can be prescribed with a large freedom by tailoring the constituent Miura-ori design. For a unit cell, there are four independent design parameters: the crease lengths a I , a II , b I , and the sector angle g I : To investigate the correlations between the stiffness adaptation and Miura-ori design, we perform parametric analyses by simultaneously varying two independent design parameters and examining their effects on the stiffness ratio RK L and RK W (contour plots in Figure 4 ). These contour plots elucidate that variations in the Miura-ori design, especially the sector angle g I , can bring notable changes in the stiffness adaptation performance. There also exists a range of Miura-ori designs that make the unit cell monostable, so stiffness adaptation is no longer available (white regions in Figure 4 ). It is interesting to note that along the x-axis, the stiffness at the (1) state is higher than the (0) state for the majority of the examined design space (RK L .1), however along the y-axis we see the opposite trend (i.e. RK W \1). Overall, the parametric analyses demonstrate a wide range of achievable stiffness ratios, indicating the effectiveness of stiffness adaptation via switching between the stable states.
Effective modulus programming of a multicellular stacked origami
This section discusses how the stiffness adaptation of the unit cells can be developed into an effective modulus programming function of the overall stackedorigami mechanical metamaterial. Assuming identical unit cells in terms of their geometric and material designs, one can control or ''program'' the effective modulus of the stacked origami along x-and y-axes, by strategically switching the constituent unit cells between their (0) and (1) stable states. Such switching can be achieved on-demand either by an external force along the z-axis or internal pressurization (Li and Wang, 2015c) . However, the unit cells in the stacked origami cannot be switched randomly because two kinematic constraints must apply according to the rigid-folding assumptions (i.e. rigid facets and hinge like creases). First, a layer of unit cells defined in the x-y plane should exhibit the same folding angle. In this way, we can use a chain of unit cells along the z-axis to represent the internal folding configurations of the overall stacked origami ( Figure 5) ; this chain of unit cells is referred to as a ''Miura chain'' for simplicity thereafter. Second, the zig-zag crease lines connecting different layers must be aligned, so that the ''spine angles'' (F i ) should be equal between adjacent layers. That is, F i = F j where the subscripts i, j represent the different layers of unit cells ( Figure 5 ). Based on the geometric relationships of Miura-ori folding, F = 2tan À1 cos u tan g I ð Þ , therefore, one must impose the following constraint to the Miura chain
where u i and u j are the folding angles of the unit cells #i and #j, respectively. To understand the potentials of effective modulus programming, we examine two different scenarios: in the first scenario, all unit cells in the Miura chain are settled in the same type of stable states (i.e. they are settled either all in (0), or all in (1) state). The results of this scenario can reveal the lower and upper bounds of achievable moduli. In the second scenario, the unit cells in the Miura chain can settle into different stable states as long as the constraints in equation 9 are reinforced. The results of this scenario can Table 1 .
elucidate the richness in effective modulus programming capability. Without loss of generality, we only focus on the modulus programming along the x-axis (i.e. length direction) in this section; the results along the y-axis (i.e. width direction) follow the same physical principles.
Unit cells settled in the same type of stable states
Since all unit cells have the same folded shape in this scenario, the effective elastic modulus of the stacked origami is directly related to the effective stiffness and external geometry of a unit cell. For example, if unit cells are all settled in the (0) state, the corresponding effective elastic modulus along the x-axis is
where
L is the stiffness of the unit cell, A L is the effective cross-sectional area of the unit cell with respect to the x-axis; L, W, and H are the external dimensions defined in equations (1) ) is directly related to the stiffness ratio of the bistable unit cell (RK L ) defined in equation (8) in that
Comparing these results to those in Figure 4 , one can find that the magnitudes of effective modulus ratio are significantly higher than the stiffness ratio even based on the same unit cell design. Such differences indicate that the external shape change of the unit cell (e.g.
) between their stable states also plays an important role in modulus programming. As the unit cells are switched from (0) to (1) state, the smaller Miura-ori sheets I become nested into the larger sheet II (Figure 5 ), so that the overall stacked origami is packed into a relatively smaller volume. As a result, the effective elastic modulus increases more than unit cell stiffness adaptation alone.
Unit cells settled into different types of stable states
In this subsection, we examine how switching the unit cells in the Miura chain independently can bring more than two levels of elastic moduli. The total elastic energy of the Miura chain (P total ) is the summation of the energies from its unit cells. That is, P total = S N i = 1 P i where P i is the elastic energy of the unit cell #i and it is Figure 6 . Parametric analyses illustrating the correlation between the RE L ratio and unit cell geometric designs. The range of the design parameters are the same as those in Figure 4 , however, the effective elastic modulus ratio is significantly higher than the corresponding stiffness ratio. a function of the corresponding folding angles u i according to equation (4). Figure 7 (a) illustrates the energy landscapes of a 2-cell Miura chain with respect to unit cell #1 folding angle, based on the design in Table 1 . The kinematic constraints defined in equation (9) require u 1 = u 2 or u 1 = À u 2 , so there are two admissible energy curves containing 4 (= 2 2 ) unique stable states. We denote these stable states as (00), (11), (01), and (10) according to the states of its constituent unit cells, for example, at (01), the unit cell #1 is settled in the convex (0) state and cell #2 in the concave (1) state. Among these four stable states, we observe three unique relationships between the total energy and external deformation in length (Figure 7(b) ). This is because the energy curve containing the (01) and (10) states is symmetric with respect to the folding angle. As a result, the 2-cell Miura chain exhibits the same effective modulus at (01) and (10) states, and we can obtain 3 (= 2 + 1) different elastic moduli overall via strategic switching. To calculate the magnitude of effective moduli at these stable states, we first apply the virtual work principles to the energy-deformation curves to obtain the stiffness of the 2-cell Miura chain (K (IJ)
, where I, J = 1 or 0, and folding angles at stable states u (I) are identified based on the total energy minima. Then we normalize the stiffness results by the effective cross-sectional area and length according to equation (10). The (00) state exhibits the lowest modulus level and the (11) state exhibits the highest. To characterize the performance of such modulus programming, we extend the definition of modulus ratio as RE corresponding to different Miura-ori designs. We tested a stacked origami prototype consisting of four unit cells (2 3 2) to demonstrate the feasibility of effective modulus programming (Figure 7(c) ). This prototype is fabricated based on the same 3D printing technique as the single unit cell prototype shown in Figure 3 . It also features the same Miura geometric designs; however, the crease thicknesses are slightly different due to fabrication error. Based on the measured crease dimensions, K 1 = 1:4 3 10 À9 E m , K 2 = 9:5 3 10 À10 E m , K 3 = 1:3 3 10 À8 E m , K 4 = 5:7 3 10 À9 E m , and K 5 = 1:3 3 10 À9 E m . The force-deformation relationships near the four stable states are measured by the same experimental setup as in the single unit cell test. Test results show overlapping force-deformation curves near the (01) and (10) states (Figure 7(c) ), therefore, we can conclude that the effective elastic moduli is the same between these two states, and there are three different levels of elastic moduli. The modulus ratios based on the test results are RE For a 3-cell Miura chain, there are four admissible energy landscapes corresponding to u 1 = u 2 = u 3 , u 1 = u 2 = À u 3 , u 1 = À u 2 = u 3 , and u 1 = À u 2 = Àu 3 : Therefore, there exists 8 (= 2 3 ) unique stable states (Figure 8(a) ); however, due to the symmetry of the energy curves, there are 4 (= 3 + 1) unique relationships between elastic energy and deformation in L (Figure 8(b) ). This is because the (001), (010), and (100) states are equivalent in terms of effective modulus along the length direction, so are the (011), (101), and (110) states. Therefore, one can achieve four different levels of elastic moduli via switching between different stable states. The magnitude of the effective modulus (E (IJK) L , I, J, K = 0, or 1) is the lowest at the (000) state, it will increase when one of the unit cell is switched to the (1) state, it will increase further when two unit cells are switched to the (1) state, and it will reach the highest value when all of the three unit cells are settled in the (1) state (Figure 8(c) ). The highest modulus ratios (RE
) corresponding to different Miura-ori designs are equal to the values shown in the contour plots in Figure 6 .
We can then deduce that a Miura chain consisting of N identical unit cells possesses 2 N elastically stable states, each has unique internal folding configuration. The magnitude of the effective modulus along the xaxis is the lowest when all cells are settled in the (0) state, it will increase progressively as the number of unit cells in (1) state increases, and reach the highest possible value when all cells are in the (1) stable state, thus there exists N + 1 different levels of elastic moduli based on the number of unit cells settled in the (1) state. The values shown in the contours plots in Figure 6 are the highest modulus ratios (RE
) corresponding to different Miura-ori designs. Therefore, an important conclusion of this study is that increasing the number of unit cells in the Miura chain will not increase the highest possible modulus ratio, but will instead increase the resolution of obtainable moduli between the lowest and highest values.
Based on these observations, it becomes necessary to understand the distribution of obtainable elastic moduli as the number of unit cell increases. To facilitate this purpose, we define a normalized moduli distribution index
One can use this index to normalize the effective modulus of the multicellular stacked origami at a particular stable state based on the highest and lowest possible modulus. The value of this index is always between 0 and 1. b R Table 1 . Regardless of the unit cell numbers, the modulus distributions of the Miura chains follow the same, concave-shaped master curve. In other words, the effective modulus of the stacked origami increases relatively slowly from the configuration where all cells are in the (0) state, as more and more unit cells are switched to the (1) state, the overall modulus increases faster until the highest magnitude is reached. The nonuniformity of the moduli distribution stems from the nonlinear Here the solid curve represents the case when u 1 = u 2 = u 3 , the dashed curve represents u 1 =2u 2 = u 3 and u 1 = u 2 =2u 3 , and dotted curve represents u 1 =2u 2 =2u 3 . (b) Energy landscape with respect to the deformation along the x-axis, and it is evident that we can achieve four different moduli magnitudes. (c) The magnitude of the normalized moduli is directly related to the number of unit cells that are settled in the (1) state. nature of the origami mechanics, and the shape of this master curve is directly related to the underlying Miura-ori designs. In particular, the moduli distribution curve is sensitive to the changes in sector angle g I and crease line length a k (Figure 9(b) ), but relatively insensitive to changes in the crease length b I : Indeed, the master curves according to different b I are so close to the baseline design curve that it will be impossible to discern the differences if they are plotted in Figure 9 . The maximum modulus ratio shown in Figure 6 and the moduli distribution curves shown in Figure 9 combined can provide us with a detailed guideline to tailor the modulus programming performance.
Summary and discussion
In this article, we examine an effective modulus programming function via exploiting the anisotropic multistability of a multicellular stacked-origami mechanical metamaterial. To uncover the underlying physical principles, we start from an elementary unit cell consisting of two different Miura-ori sheets. Such unit cells can be elastically bistable due to the nonlinear relationships between the folding deformation and the crease bending. Due to the 3D nature of origami folding, the arrangement of stable and unstable states are fundamentally different along different primary axes, hence the anisotropy. Along the height direction of the unit cell, the material deformation at the critical, unstable equilibrium is in between the deformation at the two stable states. However, along the length and width directions, the deformation at unstable equilibrium is larger than those of both stable states. Such unorthodox arrangement of the equilibria can be harnessed to achieve a stiffness adaptation, because the unit cell can exhibit two different force-deformation relationships within the same deformation range. A unique advantage of the stacked origami is that the stiffness adaptation performance can be prescribed by tailoring the designs of the constituent Miura-ori sheets.
Once the unit cells are assembled into a metamaterial, the stiffness adaptation at the cellular level can be aggregated into an on-demand effective modulus programming function. According to the rigid-folding kinematics, a stacked origami consisting of N layers of identical unit cells possesses 2 N stable states with different folding configurations, and among them there are N + 1 unique magnitudes of effective modulus. The distribution of these moduli, regardless of the value of N, follows a master curve that is directly related to the constituent Miura-ori design. The maximum high/low modulus ratio is also dictated by the unit cell design. Via strategically switching different unit cells between different stable states, one can control the effective modulus of the stacked origami with a large range and high resolution. Such a modulus programming function can be achieved by an external force applied along the z-axis of the stacked origami. We can also exploit the embedded tubular feature of the staked origami and use internal pressure for switching between stable states (Li and Wang, 2015c) . Furthermore, the predictable change in effective modulus at different stable states can induce interesting dynamic response (Fang et al., 2017a) . Therefore, the results of this study can open up new avenues toward constructing adaptive materials and structures to advance the state of the art of various applications such as morphing structures and soft robotics.
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